Objectives: To describe the emergence of linezolid-resistant methicillin-resistant Staphylococcus aureus (MRSA) of sequence type (ST)36 lineage in two paediatric patients with cystic fibrosis, after long-term low-dose linezolid treatment.
Introduction
Although a methicillin-resistant Staphylococcus aureus (MRSA) epidemic type 16 (EMRSA-16) was successfully eradicated from an adult cystic fibrosis (CF) patient using 600 mg linezolid twice daily, 1 it is uncertain as to whether this treatment could be successfully applied to paediatric cases. It is not just that there are insufficient data on the safety and efficacy of linezolid in patients ,18 years old, but there is also controversy as to the correct dosage. 2 Indeed, whilst one MRSA pulmonary infection in a child was successfully treated with linezolid, 3 another resulted in the emergence of linezolid-resistant MRSA. 4 Nevertheless, linezolid has been put forward as a last line for treating paediatric CF patients with lung colonization by MRSA, 5 as such colonization may be a contraindication to future lung transplantation.
Downward adjustment of the adult dose of linezolid for paediatric use, although seemingly logical, may carry risks in trying to eradicate colonization. In this light, we describe here the emergence of linezolid-resistant EMRSA-16 variant A1 from two paediatric CF patients during long-term treatment with half the adult dose.
Methods
Sputum samples were quantitatively cultured from two paediatric patients, one aged ,12 years and the other .12 years, who were hospitalized for reasons unconnected with infection. Cultures revealed MRSA in # The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org J Antimicrob Chemother 2010; 65: 442 -445 doi:10.1093/jac/dkp494 Advance publication 20 January 2010 both patients, who were then prescribed 300 mg of linezolid twice daily for periods of 1-2 months duration separated by up to 6 months. Isolates from both subjects were cultured 9 months later and at irregular subsequent intervals for up to 44 months for the older patient and up to 51 months for the younger. All isolates of S. aureus were screened for resistance to linezolid by BSAC disc method. The MICs of linezolid, oxacillin, fusidic acid, tetracycline, erythromycin, clindamycin, quinupristin/ dalfopristin, moxifloxacin, gentamicin, chloramphenicol, rifampicin, teicoplanin and vancomycin were then determined for linezolid-resistant isolates by the BSAC agar dilution method. Isolates confirmed as resistant to linezolid were screened for T2504C and G2576T 23S rDNA mutations by sequencing of PCR amplicons, 6 these being aligned with the corresponding nucleotide sequences from reference strains of Escherichia coli. Percentage copy numbers of detected mutations in each isolate were estimated by pyrosequencing. 6 Phage-typing was performed with the 23 phages of the Basic International Set at 100Â routine test dilution, plus the four UK phages 88A, 90, 83C and 932.
7 PFGE profiles were obtained by macrorestriction of chromosomal DNA with SmaI, electrophoresed with a run time of 30 h at pulse switch times of 1 -80 s. 7 Isolates were subjected to multilocus sequence typing (MLST), and allelic profiles and sequence type (ST) designations were assigned by comparison with characterized strains on the MLST database (www.mlst.net). The staphylococcal cassette chromosome mec (SCCmec) genomic island was also characterized. 8 
Results
Before treatment with linezolid was initiated, both subjects were found to be colonized with linezolid-susceptible, oxacillinresistant S. aureus at a density of 10 6 cfu/mL sputum. Nine months later, isolates of MRSA from both patients were resistant to linezolid, with MICs of 16 mg/L (Table 1) . These isolates were also resistant to erythromycin, clindamycin, moxifloxacin, gentamicin and rifampicin, but susceptible to quinupristin/dalfopristin, vancomycin and teicoplanin. One isolate was resistant to fusidic acid and tetracycline, whereas the other was susceptible ( Table 1) .
The two linezolid-resistant isolates had differing phage patterns of 29inh/80inh/75/96 for isolate 367 from the patient aged .12 years and 29inh/52inh/80inh/83C/83A/77/96 for the patient aged ,12 years. However, these phage patterns both conformed to EMRSA-16, which was confirmed by macrorestriction. The PFGE profiles for both linezolid-resistant isolates were identical and were matched to the reference strain for EMRSA-16 variant A1 7 ( Figure 1 ). Additional analyses showed that both isolates were ST36-MRSA-SCCmecII.
Both isolates were heterozygous for the G2576T 23S rDNA mutation, which indicates the presence of G2576U on the corresponding 23S rRNA. Pyrosequencing determined copy numbers of mutated gene copies as 2/4 in the isolate from the older patient and 3/5 in that from the younger one (Table 1) . Table 2 details the isolates cultured from sputum immediately before the initiation of linezolid treatment (time 0), at the end of treatment (month 9) and during subsequent follow-up. For the older patient, Pseudomonas aeruginosa was the only sputum isolate 1 month after the treatment period (month 10), but, at 43 months, a linezolid-susceptible EMRSA-16 type A1 was recovered; this, nevertheless, had a G2576T mutation in one 23S rRNA gene copy. Linezolid-resistant EMRSA-16 A1 continued to be isolated from the younger subject through months 9 -51. Except with regard to linezolid, the antibiograms of these subsequent isolates remained identical to the initial linezolid-resistant isolates shown in Table 1 .
Discussion
Linezolid resistance emerged in two ST36 MRSA colonizing the cystic lungs of two paediatric patients. Both isolates were EMRSA-16 A1, a common variant of the classical EMRSA-16 strain highly prevalent in the UK. Linezolid binds to domain V of the 23S rRNA 9 and resistance has been associated with mutations in the central loop of this domain, usually G2576T, as found here. These mutations remain a rare occurrence in clinical isolates of S. aureus, where at least two of the 4 -6 gene copies normally present need to be altered to confer a resistant phenotype. 10 Both patients studied here continued to have EMRSA-16 isolated from their sputum, but only the younger subject was persistently colonized with linezolid-resistant variants. G2576T-mediated linezolid resistance in S. aureus has been found to be unstable, with reversion to susceptibility occurring, 
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Copies 11 This is consistent with the finding of a G2576T mutation in a follow-up linezolid-susceptible isolate of EMRSA-16 from the older subject.
Although it was difficult to distinguish recolonization from relapse, as the colonization was with a widespread strain of MRSA, the retention of one copy of mutated 23S rRNA in the isolates from the older patient suggests that the original colonizing isolate persisted, losing resistance over time. It is also possible that, rather than the isolate 'reverting' to linezolid susceptibility, there may have been outgrowth of a minority population that had not gained full resistance.
Sputum levels of linezolid in adult CF patients 12 h after a 600 mg dose are in the region of 3 mg/L, which is under the current clinical breakpoint of 4 mg/L. In addition, there is faster clearance of linezolid in children ,12 years of age and the dosing interval has to be considered to avoid a lower area under the drug concentration -time curve. 2 The pharmacokinetics of linezolid in children aged !12 years is not significantly different from that in adults 2 and it may be more appropriate to consider body mass when dose adjusting. The patient aged ,12 years that we studied here may have received a dose that was more subtherapeutic than that received by the older patient, despite having a lower body mass. The clearance of linezolid may also be affected by CF itself and, in any event, the doses used here (300 mg twice daily) are only half those 
